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A sub-parscc scale radio counterjet has been detected in the nucleus o f’
the closest radio galaxy, Centaurus A (NGC5128), with V9L.BIimaging at 2.3
and 8.4 GHz. This is onecof the first detections of a VLBl counterjet, and
providesnew Constraintfs onthekinematics of theradio jets emerging from the
nucleus of Centaurus A. A bright, compact core is seen at 8.4 Gllz,along with
a jet extending along position angleb1°. The core is completely absorbed at
2.3 GHz.Ourimages show a muchwider gap between the base of the main jet
and the counterjet at 2.3 Gllzthan at 8.4 GHzand also that thecore has an
extraordinarily inverted spectrum. These observations provide evidence that
the innermost 0.4-0.8 pc of the source is seen through a diskor torus of ionized
gas which is opaque at low frequencies due to free-free absorption.

Observations of radio galaxies generally reveal astrong asymmetry insurface bright.-
ness close to the central radio source (associated with the nucleus of the host galaxy) and
more syminetric strut.t)lim atlarger distanices. An attractive explanation for these obser-
vations 1S that the mner structure is intrinsically symmetric  two oppositely directed,
relativistic jets of radio cmitting plasma but appcars asymmetric clue to rclativistic
b caming (amplification) of the emission in the direction of jet motion. If the jet material
is deeclerated hetween the nucleus and the largy-scale radio lobes, the effect of bheaming is
reduced, and the true symmetry of the source becomes app arent far from the nu cleus.

A simple ¢Xbression describes t] 1cratio of observed surface brightness from ap-
proaching and receding radio components (12) in terms of the bulk velocity of material in
the jet (f = v/e) and the angle between the approaching jet axis and our line of sight (6):

I _] 4 B cos 6 3ra
1- Fcos b

for isotropic cimission in the rest frame of the jet! . Here a is the radio spectralindex of the
jet defined as S, o v where S, is the flux density at frequenicy v. (A1 exponent of 2 - a
is appropriate if the jet is modcled as a continuous flow of materialinstead of a series of
separate knots of radio-ciitting plasma?.) Detection of a collllt,cl’jet places constraints on

B and 0, and is important in testing unification schemes based on beaming and orientation
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arguments.

NGC 5128 is the closest “classica1]” radio galaxy, only 3.5 Mp¢ digtant?. The prox-
ity of this active galaxy allows higher lincar resolution imaging than can be obtained
formore distant. galaxies. 1t is not an intrinsically high luminosity radio source, but can
be studied over a very wide range of lincar scales due to its proximity. The extended
radio cinission associated with Centaurus A covers anarca of 8.5 by 3.5 degrees on the
sky?, while observations with V1131 arrays can obtain images of the nuclear radio source in
this galaxy with angular resolution of 1 milliarcsecond or hetter (corresponding to @ lincar
resolution of less than ().02 pe). The large-scale radio morphology of Centaurus A, along
with it, slow intrinsic radio power, suggest a moderate speed jet oriented close to the plane
of the sky. Thercfore this source is a good candidate for detection of a VILBI counterjet.

At adeclination of - 43°, Centaurus A is well placed for observations with Southern
Hemisphere VEBI Experiment (SHEVE) antennmas in Australia and South Africa combined
with several antennas of the Very Long Baseline Array (VI.BA). This combination provides
better coverage of the aperture plane than cither SHEVE or the VLBA alone. Our 8.4
GHz observations were made on 20 October 1993 using the SHEVE array and five VI.BA
antennas in the southwestern US. Thie resulting image is shown in figure 1. Three things
arc immediately noticcable in the 8.4 GHz nnage: the jet is nearly lincar and oriented along
the position angle of the larger-scalc jet scenin VLA iinages (51 O); the peak brightness
occurs at the “hase” (southwest end) of the continuous jet; and there are two isolated peaks
of cmission approximately 12 and 27 milliarcscconds southwest of the brightest peak. We
associate these peaks with anunderlying counterjet because of their location along the
same position angle as the main jet, on the opposite side of the core (determined from
acomparison Of 4.8 and 8.4 GHz VI.BIlimages, as desceribed below). We also note the
presence (in VLA images) of other isolated knots of cinission farther from the core and in
the direction of the southwest inner radio lobe?®.

1 1low do we know that one of the features we associate with a counterjet is not really
the core? Absolute registration of W .Blimages at different frequencies is not generally

possible, but a comparison of ncarly simultancous hmages (separated by 3 days during

November 1992) at 4.8 and 8.4 GHz shows adistinctive “(Killl{”) inthemain jet 16 milliare-




se cond s NIS of the brightest peak at 8.4 GHz (see figure 1 inreference 6). Aligning this
feature on both images shows that the bright peak at the bhase of the main jet at 8.4 GHz
has a highly inverted spectrum, while the rest of the main jet has a spectrum ranging from
less inverted to flat to steep with increasing dist ance from the core®.  Other aligniments
produce nonphysical spectral indices. It is possible that the counterjet aso has aninverted
spectrum (due, for example, to free-free absorption in a nuclear disk of gas), hut a higher
quality 4.8 GHz image will be needed to test this hypothesis. The present 4.8 GHz data
have a limited dynamic range and are only suflicient to constrain the brightest regions of
the source. However, single antenna flux density measurements show that the brightness
of the nu cleus increases rapidly with frequency up to &~ 22 GHz, indicating that the core
docs have an inverted spectrum at lower frequencies”. Since the inverted- spectrum core
still dominates the total nuclear flux density at 8.4 Gz, the brightest p cak on our 8.4
" GHz nage, which is also the only uniresolved feature in the iinage, is indeed the core

Figure 2 shows a SHEVE image from observations made at 2.3 Glz on 10 November
1988. Single-antenna flux density mcasurcements indicate that the true core is completely
absorbed at this frequenicy. The bright jet-like featurein{igure 2 can be identified with the
main jet scen at 8.4 GHz, with the brightest peak at 2.3 GHz identified with the “kink”
in the jet at 8.4 GHz. The registration iimplied by this identification is the only physically
rcasonable one; shifting the 2.3 GHzimage by a single beamwidth produces spectral indices
which are implausibly steep or iverted.

It is well know, that self-c~llil)]atioll of V1.B1data can produce symmetric structure
about bright features even if the true source brightness distribution is asymmetric®. This
can occur when phases are self-dibratcd with a point source model and cither the quantity
of data or the number of self-calibraticm iterations is insuflicient to correct the initial
symmetric bias introduced into the source modecl. As a result, most features which appear
to be snort counterjets in VI.BI images arc dismissed as being caused by residual errors in
t heself- calibrated data. The counterjet scen in figures 1 and 2 differs from most calibration
artifacts in that it is not an extension of (or immediately next to) a bright feature.

To test the reality of the counterjet, we re- imaged the source without allowing

any CLISAN components on the counterjet side during any of the self-c~lil)ratiml and




deconvolution steps. After the strong main jet features were included in the model the
brightest residuals were always in the positions of the counterjet features during cvery
iteration at both 2.3 and 8.4 GHz. Allowing CLEAN components in this 1'(‘,gi(>1.1 mercased
the peak brightness of thesce features by a factor of two, and improved the over-all fit of the
model to the visibilities by more than 10% compared to the best one-sided source models.
The counterjet peaks are scen separately in Mark-11 and Mark-111 data recorded duwring the
8.4 GHz experiment. We have also carried out blind nmaging tests using siimulated data
to verify that our VLBI array provides suflicient coverage of the aperture plane to allow
reliable imaging of features similar to those scen in figure 1. In no case during these blind
tests were counterjets ereated where none existed in the starting models. Finally, our data
were imaged independently by three of the authors, resulting in virtually identical images.

There is someuncertainty in the registration of the images infigures 1 and 2, but any
realistic registration shows that the scparation between the core and the first detectable
fecature inthe counterjet is far greater at ‘2.3 GHzthanat 8.4 GHz. This is not caused by
changes in source morpholo gy during the interval between our 2.3 and 8.4 GHz observations
unless proper motions within the counterjet are far greater than those measured for bright
features in the main jet. In addition, the spectrum of the core is highly inverted (a ~ 4)
between these two frequencics. An analysis of 4.8 and 8.4 GHz hnages by Tingay® also
finds a spectral index &~ 4 for the core. Both of these cffects can be explained if the central
0.4-0.8 pc of Centaurus A is scen through a disk or torus of thermal gas inclined at a large
angle to our line of sight. A similar situation has been found in 3C841%M Yor example,
a 1-2 pe path through 10°K gas with clectron density of 105 cn” ® will give a spectral
turnover frequency > 15 GHz duce to free-free absorption. The observed spectral index of
about 4 at frequencies below 8.4 GHz woul d then correspond to an intrinsic spect ral mdex
of 2.()- 2.5 for the core, consistent withsynchrotron sef-2il.)sc)ll)tic)ll. If thismodel is correct,
the inner part of thic counterjet will he reduced i brightuess by a factor of 13 more at 2,3
GHz than at 8.4 GHz, which would explain wily wc do not detect any 2.3 GHz cinission
at the locations of the 8.4 GHz counterjet features.

The jet/counterjet brightness ratio I is difficult, to determine fromonly the brightest

peaks of thecounterjet. Comparison of the peak counterjet brightuess to the main jet




brightuess at the same distance from the core gives & ~ 4 at 8.4 Glz. However, if we
use the brightest peak along the main jet for our comparison, values of It up to ~ 8 are
obtained. The most appropriate comparison is between the brightness of the underlying
smooth?) jet and counterjet emission, not between the brightness of specific knots, hut
his must await the availability of higher dynamic range VEBI images. Dircctly measured
sroper motions in the main jet are slow (= 0.15 ¢)®%) but rapid changes in the size
and brightness of individual Jet components suggests that the flow speed of the jet is
significantly faster (fa,,, _> ().85)"". The slower spced is inconsistent with the observed
jet/eounterjet bright ratio (/2 < 8), but the faster speed implied by component variability
is consistent with the brightness ratio for a range of angles to our line of  sight (60-770).
Such an orientation is consistent with the large-scale radio morphology of Centaurus A.
This model implies that the bulk flow speed of the jet need be only moderately relativistic
(>0.66 c).

V1LBI obscrvatioms of many sources have been made to scarch for parsee- scale coun-
terjets, which are predicted by the standard twin-beam model of radio sources in active
galactic nuclel. However, the vast majority of radio sources observed with VLBI are high
luminosity (FR 1 1)" objects, in which the jets arc expected to be highly relativistic and
oriented closer to our line of sight (in flux limited samples). Consequently the effects of
beaming lead to very large values of I{ and (currently) undetectable counterjets. Cen-
taurus A, incontrast, is a lower luminosity FR 1 radio source. If there is a correlation
between jet speed and total source luminosity, as suspected?®, then FR 1 sources should
have much smaller values of It than FR 11 sources at the same angle to our line of sight.
Inthe case of Centaurus A we also benefit from having a relatively large angle between
theradio axis (as cstimated from the large-scdc morphology of the source) and our line
of sight.Thus, the discovery of a parsce-scale radio counterjet in this source (and not in
many other well-observed sources) is readily explained.

W c arc continuing to obscrve the nucleus of Centaurus A with SHEVE and the
VLBA. With multiple epochs, it should be possible to measure the apparent proper motion
of features in the counterjet as well as the main jet.  This will provide a dircct test of

symmectric jet hodels, and further constrain relat ivistic beaming explanations of parsce-



scale radio source asymmet ries.
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Figure Captions

FIGURE 1. 8.4 GHz V1Bl image of the nucleus of Cer yiaurus A in October 1993, ade
with antennas in Australia, South Africgand the United States. North is Up and cast is to
the left. The brightest peak corresponds to the inverted-spectrum core and the counterjet
peaks are located to the southwest of the brightest peak. Note also the slight wiggle or
kink in the main jet 15-20 mas northeast of the hrightest peak. ‘1'11( contourlevels are-1,
1, 2, 4, 8, 16, 32, 50, 70, and 95% of the peak l;)rightncss(].go Jy/beam). The restoring
heamn (shown in the lower left corner) is 3.22x 1.82 milliareseconds with the mnajor axis in

position angle 26.2°.

FIGURE 2. 2.3 GHzSHEVE image of the nucleus of Centaurus A in November 1988,
made with six antennasin Australia. The contour levelsare -1, 1, 2, 4, 8, 16, 32, 50, 70,
and 95% of the peak brightness (1 .43 Jy/bea m). Thie orientation and scal ¢ of {his figure
arc the same as in figure 1. The restoring beam is 7.26 x 5.53 milliarcscconds with the
major axis in position angle 8.5°. The brightest p cak in this image corresponds to the

“kink” infigure 1, and the approximate location of the (absorbed) core is marked.
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